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7+]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XOWUDKLJKFRQWUDVW XOWUDVKRUW UHODWLYLVWLF ODVHU SXOVH LV UHFRUGHG E\ D VLQJOHVKRW 7+]
WLPHGRPDLQVSHFWURVFRS\V\VWHP$VWKHWKLFNQHVVRIWKHWDUJHWLVUHGXFHGIURPWRP
WKH GXUDWLRQ RI WKH7+] HPLVVLRQ LQFUHDVHV IURP  WRRYHU  SV DQG WKH UDGLDWLRQ HQHUJ\
LQFUHDVHVGUDPDWLFDOO\UHDFKLQJaP-SHUSXOVHFRUUHVSRQGLQJWRODVHUWR7+]UDGLDWLRQ
HQHUJ\ FRQYHUVLRQ HIILFLHQF\ RI  7KH HIILFLHQW 7+] HPLVVLRQ FDQ EH DWWULEXWHG WR
UHIOHFWLRQGHFHOHUDWLRQDQGDFFHOHUDWLRQRIWKHODVHUGULYHQKRWHOHFWURQVE\WKHWDUJHWUHDU
VKHDWKHOHFWULFILHOG7KHH[SHULPHQWDOUHVXOWVDUHFRQVLVWHQWZLWKWKDWRIDVLPSOHPRGHODV
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,QWHUDFWLRQRIXOWUDLQWHQVH ODVHUSXOVHZLWKVROLG IRLOWDUJHWSURGXFHVKLJK IOX[HVRIHQHUJHWLF
HOHFWURQV WKDW FDQ OHDG WR VHFRQGDU\SURFHVVHV VXFK DV EULJKW ; DQG ȖUD\ HPLVVLRQ >@ LRQ
DFFHOHUDWLRQ >@SRZHUIXO WHUDKHUW]7+]UDGLDWLRQ >±@ HWF7KHPHFKDQLVPV LQYROYHG
DUHRIEDVLFUHVHDUFKLQWHUHVWLQKLJKHQHUJ\GHQVLW\SK\VLFVDQGWKHUHVXOWLQJSDUWLFOHEXQFKHV
DQGUDGLDWLRQKDYHPDQ\QRYHODSSOLFDWLRQV>@3RZHUIXO7+]UDGLDWLRQKDVEHHQGHWHFWHG
DWERWKWKHIURQWDQGUHDUVLGHVRIWKHWDUJHWV6HYHUDOPHFKDQLVPVRI7+]HPLVVLRQIURPWKH
WDUJHW IURQW KDYH EHHQ SURSRVHG LQFOXGLQJ WKDW RI WUDQVLHQW HOHFWURQ FXUUHQWV GULYHQ E\ WKH
SRQGHURPRWLYHIRUFH>@WKHDQWHQQDHIIHFW>@DQGVXUIDFHHOHFWURQFXUUHQWV>@+RZHYHUDQ
H[SODQDWLRQ IRU WKH UHFHQWO\ UHSRUWHG >@ H[WUHPHO\ SRZHUIXO 7+] SXOVHV HPLWWHG IURP WKH
UHDUWDUJHWVXUIDFH LV VWLOO ODFNLQJ,WKDVEHHQVXJJHVWHGWKDWWKHUDGLDWLRQFRXOGEH IURPWKH
WDUJHWUHDU HOHFWURQ VKHDWK ZKLFK LV DOVR UHVSRQVLEOH IRU WDUJHW QRUPDO VKHDWK DFFHOHUDWLRQ
716$RILRQV>@,QWKLVPRGHODKRWUHODWLYLVWLF0H9HOHFWURQEXQFKFUHDWHGE\WKHODVHU
LPSDFW LV UHIOHFWHG E\ WKH LQWHQVH VKHDWK ILHOGV RQ ERWK VLGHV RI WKH WDUJHW 'LSROHOLNH
DFFHOHUDWLRQGHFHOHUDWLRQLQGXFHGUDGLDWLRQEUHPVVWUDKOXQJLVWKXVHPLWWHG 
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,Q WKLV /HWWHU ZH UHSRUW H[SHULPHQWDO UHVXOWV RQ HIILFLHQW QDPHO\ XS WR  ODVHUWR7+]
HQHUJ\FRQYHUVLRQHIILFLHQF\JHQHUDWLRQRIUDGLDOO\SRODUL]HG7+]UDGLDWLRQXSWRP-SHU
SXOVHEHKLQGD WKLQ VROLG WDUJHW LUUDGLDWHGE\ LQWHQVHXOWUDKLJKFRQWUDVW ODVHU ,W LV IRXQG WKDW
GHFUHDVHRIWKHWDUJHWWKLFNQHVVIURPWR  P  UHVXOWVLQPRUHWKDQIROGHQKDQFHPHQWRI
WKH7+]UDGLDWLRQHQHUJ\$VLPSOHWKHRUHWLFDOPRGHOFRQILUPHGE\SDUWLFOHLQFHOOVLPXODWLRQ
VKRZVWKDWIRUWKLQWDUJHWVWKHKRWHOHFWURQVDUHUHIOX[HGEHWZHHQWKHIURQWDQGUHDUVKHDWK$V
D UHVXOW WKH VKHDWK HOHFWURQGHQVLW\ DQG WKH VKHDWK ILHOG LQWHQVLW\ DUH HQKDQFHG OHDGLQJ WR
ORQJHUHPLVVLRQGXUDWLRQDQGWKXVKLJKHU7+]HQHUJ\7KHREVHUYHGDQJXODUGLVWULEXWLRQDQG
WHPSRUDOSURILOHRIWKH7+]UDGLDWLRQDOVRDJUHHZLWKWKLVDUJXPHQW 

2XUH[SHULPHQWVPDNHXVHRIWKH3FXEHODVHUV\VWHPDWWKH*UDGXDWH6FKRRORI(QJLQHHULQJ
DW 2VDND 8QLYHUVLW\ >@ 7KH ODVHU SXOVH GXUDWLRQ Ĳ/ DQG ZDYHOHQJWK Ȝ DIWHU FRPSUHVVLRQ
PRQLWRUHG GXULQJ WKH H[SHULPHQW DUH DERXW  IV DQG  QP UHVSHFWLYHO\ $ VDWXUDEOH
DEVRUEHULVXVHGWRDFKLHYHDODVHU LQWHQVLW\FRQWUDVWUDWLRRIí$VLOOXVWUDWHGLQ)LJD
WKHSSRODUL]HG ODVHU LV IRFXVHGWRD):+0IXOOZLGWKDWKDOIPD[LPXPVSRWRI׽PDW
ƕLQFLGHQFHRQD&XWDUJHW7KHIRFXVHGODVHUHQHUJ\(/FDQEHYDULHGIURPíP-E\
WXQLQJ WKH SXPS HQHUJ\ RI WKH DPSOLILHUV 7KH SHDN ODVHU LQWHQVLW\ RQ WDUJHW LV
     : FP/, a  u 7KH7+]UDGLDWLRQLVVHQWWRDFDOLEUDWHG*ROD\FHOOFRXSOHGZLWK
D SRO\HWK\OHQH 7+] SRODUL]HU IRU PHDVXULQJ WKH 7+] HQHUJ\ DQG SRODUL]DWLRQ $ VLQJOHVKRW
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7+] WLPHGRPDLQ VSHFWURVFRS\ 7'6 V\VWHP ZLWK GLUHFW VSDWLDO HQFRGLQJ SXPSSUREH
HOHFWURRSWLFDO(2VDPSOLQJ>@LVGHYHORSHGIRUWKLVH[SHULPHQW,WHQDEOHVXVWRREWDLQWKH
WHPSRUDO ZDYH SURILOH ZLWK D UHVROXWLRQ RI ׽ IV DQG D WRWDO WLPH ZLQGRZ RI ׽ SV
3RO\PHUDQG7+]ORQJSDVVILOWHUVDUHXVHGWREORFNDQ\YLVLEOHDQGQHDULQIUDUHGUDGLDWLRQDW
ZDYHOHQJWKVOHVVWKDQP7KHSUREHEHDPZKLFKLVUHIOHFWHGE\WZRDOXPLQXPHFKHORQV
WR SURGXFH  î EHDPOHWV ZLWK GLIIHUHQW WLPH GHOD\V LV FROOLQHDUO\ IRFXVHG RQWR D 
PPWKLFN!=Q7HFU\VWDODORQJZLWKWKHV\QFKURQL]HG7+]SXOVH$VVKRZQLQ)LJE
WKH7+]UDGLDWLRQLVGHWHFWHGE\WKH7'6V\VWHPDQGSODVPDH[SDQVLRQIURPERWKVLGHVRIWKH
WDUJHW LVDOVRPRQLWRUHGE\DSXPSSUREHVKDGRZJUDSKV\VWHP)LJFVKRZVWKDWWKHUHLV
QRREVHUYDEOHSODVPDH[SDQVLRQDWWKHUHDUVXUIDFH

5XQVIRUGLIIHUHQW ODVHUHQHUJLHVDQGWDUJHWWKLFNQHVVHVZHUHFDUULHGRXW$Q LPSRUWDQWUHVXOW
REWDLQHG LV WKH VWURQJ GHSHQGHQFH RI WKH 7+] UDGLDWLRQ HQHUJ\ RQ WKH WDUJHW WKLFNQHVV7KH
HQHUJ\DQGWHPSRUDOSURILOHVRI WKH7+]UDGLDWLRQZLWKKRUL]RQWDOSRODUL]DWLRQHPLWWHGDORQJ
ƕIURP WKH WDUJHWQRUPDO LQ WKH KRUL]RQWDOSODQHZHUH PHDVXUHG E\ WKH*ROD\FHOO DQG WKH
7'6V\VWHP)LJJLYHVWKHPHDVXUHG7+]HQHUJ\HPLWWHGƕIURPWKHWDUJHWQRUPDOIRUWKH
ODVHUHQHUJLHVDQGP-DQGWDUJHWWKLFNQHVVHV' IURPWR  P $VZH
FDQVHHGHFUHDVHRI WKHWDUJHWWKLFNQHVVUHVXOWV LQLQFUHDVHRI WKH7+]UDGLDWLRQHQHUJ\2QH
FDQDOVRVHHWKDWWKHYDULDWLRQGHSHQGVRQWKHODVHUHQHUJ\ IRU(/P- WKH7+]HQHUJ\
ILUVWLQFUHDVHVVORZO\DVWKHWDUJHWWKLFNQHVVLVUHGXFHGIURPWR  P LWWKHQULVHVTXLFNO\
DV WKHWDUJHW WKLFNQHVV LV UHGXFHG IURP WR  P +RZHYHU IRU(/P- WKHUH LVRQO\
OLWWOHLQFUHDVHRIWKH7+]HQHUJ\DVWKHWDUJHWWKLFNQHVVLVUHGXFHGWR  P 7KHVHUHVXOWVDUH
YHU\ VLPLODU WR WKH GHSHQGHQFH RI WKH 716$ SURWRQ HQHUJ\ RQ WKH WDUJHW WKLFNQHVV >@
LQGLFDWLQJVWURQJFRUUHODWLRQEHWZHHQWKH7+]HPLVVLRQDQG716$

7KHDQJXODUGLVWULEXWLRQRIWKH7+]UDGLDWLRQHPLWWHGIURPWKHPWDUJHWUHDUVXUIDFHIRUD
 P- ODVHU SXOVH KDV D W\SLFDO GLSROHOLNH UDGLDWLRQ SDWWHUQ ZKLFK LV FRQVLVWHQW ZLWK WKH
WKHRU\ >@ DQG VXSSRUWV WKH DUJXPHQW WKDW VKHDWK EUHPVVWUDKOXQJ GRPLQDWHV WKH 7+]
UDGLDWLRQ SURFHVV $V VKRZQ LQ )LJ  ZKHUH WKH EODFN VTXDUHV DUH IRU WKH KRUL]RQWDOO\
SRODUL]HG7+]HQHUJ\(+DQGWKHUHGFLUFOHVIRUWKHYHUWLFDOO\SRODUL]HG7+]HQHUJ\(9ZLWK
WKH ODWWHU FORVH WR WKH QRLVH OHYHO 7KH DQJXODU GLVWULEXWLRQ RI WKH 7+] HQHUJ\ KDV WZR
V\PPHWULFDO SHDNV DW ƕDQG ƕWR WKH WDUJHW QRUPDO DQG WKH ILHOG LV PDLQO\ KRUL]RQWDOO\
SRODUL]HG ZLWK (+(9!  DW ƕ ,Q RUGHU WR VHH WKH WKUHHGLPHQVLRQDO FKDUDFWHULVWLFV WKH
UDGLDWLRQLQWKHYHUWLFDOSODQHLVDOVRUHFRUGHG7KHSRODUL]DWLRQVDUHSHUSHQGLFXODUDOVRZLWK
 ?
(9(+!  DW ƕ DQG DOPRVW LGHQWLFDO WR WKDW LQ WKH KRUL]RQWDO SODQH 7KHVH SRODUL]DWLRQ
FKDUDFWHULVWLFVLQGLFDWHWKDWWKH7+]UDGLDWLRQLVPDLQO\UDGLDOO\SRODUL]HGZKLFKLVFRQVLVWHQW
ZLWK WKH RSWLFDO REVHUYDWLRQ LQ 5HI  7KH SHDN 7+] HQHUJ\ DW ƕ LV  - ZLWK D
FROOHFWLRQ VROLG DQJOH RI  VU $VVXPLQJ D UDGLDOO\ V\PPHWULF FRQH GLSROH VWUXFWXUHRI
UDGLDWLRQ RQH FDQ HVWLPDWH WKH WRWDO HQHUJ\ HPLWWHG LQWR WKH ʌ VROLG DQJOH LV  P-
FRUUHVSRQGLQJ WR D ODVHUWR7+] UDGLDWLRQ FRQYHUVLRQ HIILFLHQF\ RI  7KLV LV DERXW DQ
RUGHURIPDJQLWXGHKLJKHUWKDQWKHH[LVWLQJUHVXOWV>@

:HQRZFRQVLGHUWKHWHPSRUDOFKDUDFWHULVWLFVRIWKHWDUJHWEDFN7+]UDGLDWLRQ)LJDG
VKRZVW\SLFDOSURILOHVRIWKH7+]UDGLDWLRQDVUHFRUGHGE\WKH7'6V\VWHPIRUYDULRXVWDUJHW
WKLFNQHVVHV7KHSHDN7+]ILHOGRQWKH=Q7HFU\VWDOLVFDOLEUDWHGDW 09 Pa  >@ZKLFK
FRQILUPVWKH*ROD\FHOOHQHUJ\PHDVXUHPHQWGLVFXVVHGDERYH)RU  P' P! 7+]UDGLDWLRQ
VWDUWV DV D VXESV VKDUS VLQJOHF\FOH VSLNH IROORZHG E\ ׽ SV GLVRUGHUHG ORZIUHTXHQF\
IOXFWXDWLRQV 7KH FRUUHVSRQGLQJ VSHFWUXP LV EURDG DQG PXOWLSHDNHG ,Q FRQWUDVW IRU '   
PWKH7+]UDGLDWLRQODVWVIRU׽SVZLWKUHJXODURVFLOODWLQJVWUXFWXUHDWDERXW7+]:H
QRWH WKDW WKH GXUDWLRQ RI WKH PHDVXUHG 7+] UDGLDWLRQ LV PXFK ORQJHU WKDQ WKDW RI WKH ODVHU
SXOVH ZKLFK LPSOLHV WKDW LW LV FORVHO\ DVVRFLDWHG ZLWK WKH ORQJ WLPH VKHDWK HYROXWLRQ 7KH
VLJQLILFDQWGLIIHUHQFHEHWZHHQWKHVHWZRFDVHVFDQEHDWWULEXWHGWRWKHIDFWWKDWWKHWDUJHWEDFN
VKHDWKGHFD\VPXFKIDVWHUIRUWKLFNHUWDUJHWV 

7KHH[SHULPHQWDOUHVXOWVFDQEHXQGHUVWRRGLQWHUPVRIWKH716$PHFKDQLVPIRUDFFHOHUDWLRQ
WDUJHWEDFN LRQV >@ 7KH KRW HOHFWURQV JHQHUDWHG DW WKH IURQW VXUIDFH E\ WKH ODVHU FDQ
SURSDJDWH HDVLO\ WKURXJK WKH WDUJHW HQWHU WKH UHDU YDFXXP DQG IRUP D WKLQ VKHDWK ZKRVH
HOHFWURVWDWLF VSDFHFKDUJH ILHOG UDSLGO\ EHFRPHV VWURQJ HQRXJK WR UHIOHFW WKH VWLOO HQWHULQJ
KLJKHQHUJ\ HOHFWURQV7KH UHIOHFWHGHOHFWURQV UHDFKLQJ WKH IURQW VKHDWKDUH LQ WXUQ UHIOHFWHG
DQG WKH UHIOHFWLRQ SURFHVV FRQWLQXHV &RQVHTXHQWO\ WKH GHQVLW\ RI WKH HOHFWURQ LQ WKH UHDU
VKHDWKVXUIDFHLVWKHVXPRIWKDWIURPODVHUDFFHOHUDWHGQHZHOHFWURQVDQGWKDWUHHQWHULQJWKH
WDUJHW DW LQWHUYDOV RI WKH UHIOX[LQJ WLPH >@ ,W WKHUHIRUH GHSHQGV VWURQJO\ RQ WKH ODVHU SXOVH
GXUDWLRQDQGWKHWDUJHWWKLFNQHVV$VWKHUHIOX[LQJSHULRGLVURXJKO\ a  ) K' YW ZKHUH'LV
WKHWDUJHWWKLFNQHVVDQGYKDQDYHUDJHYHORFLW\RIWKHKRWHOHFWURQVLQWKHQRUPDOGLUHFWLRQWKH
DYHUDJH VKHDWK HOHFWURQ GHQVLW\ QH RQ WKH UHDU VXUIDFH FDQ EH URXJKO\ HVWLPDWHG DV
 H UQ 1v  ZKHUH a U / )1 W W  LV WKHDYHUDJHQXPEHURI UHIOX[LQJZLWKLQ WKH ODVHUSXOVH
GXUDWLRQĲ/)RUWKLQWDUJHWVZHKDYH ) /W W VRWKDW U1  FDQEHUDWKHUODUJHDQGQHFDQEH
VLJQLILFDQWO\HQKDQFHG 
 ?

7ZRGLPHQVLRQDO VLPXODWLRQVDUHSHUIRUPHGXVLQJWKH3,&FRGHGHVFULEHG LQ5HI>@XVLQJ
WKH VDPH ODVHU SXOVH LQWHQVLW\ ZDYHOHQJWK GXUDWLRQ SRODUL]DWLRQ DQG LQFLGHQFH DQJOHDV LQ
WKHH[SHULPHQWV7KHWDUJHWLVDTXDVLQHXWUDOSODVPDVODEFRQWDLQLQJ&XLRQVDQGHOHFWURQVRI
GHQVLW\ H FQ Q  DQGWHPSHUDWXUHNH97KHWDUJHWWKLFNQHVVYDULHV IURPWR  P 7KH
VLPXODWLRQ ER[ LV  P  P u  ZLWK VSDWLDO UHVROXWLRQ XS WR  FHOOV SHU ZDYHOHQJWK
$EVRUELQJ ERXQGDU\ FRQGLWLRQV RQ DOO VLGHV RI WKH VLPXODWLRQ ER[ DUH DGRSWHG IRU ERWK
HOHFWURPDJQHWLFZDYHVDQGSDUWLFOHV'XHWRWKHOLPLWHGFRPSXWLQJUHVRXUFHWKHVLPXODWLRQV
RQO\UHSURGXFHWKHHDUO\VWDJHZLWKLQIHZSLFRVHFRQGVDIWHUODVHUWDUJHWLQWHUDFWLRQZKLFKLV
QRW VXIILFLHQW WR GHPRQVWUDWH WKH ORQJWLPH VKHDWK HYROXWLRQ DQG WKH 7+] UDGLDWLRQ SURFHVV
+RZHYHU VLQFH WKH UHIOX[LQJ HQKDQFHPHQW WDNHV SODFH ZLWKLQ WKH ODVHU WLPH GXUDWLRQ WKH
VLPXODWLRQUHVXOWVFDQVWUDLJKWO\JLYHXVWKHHYLGHQFHRIWKHHOHFWURQJHQHUDWLRQUHIOX[LQJDQG
WKHQHFHVVDU\LQIRUPDWLRQRIWKHVKHDWKILHOGIRUPHGRQWKHUHDUVXUIDFH

)LJ VKRZV WKH ORQJLWXGLQDOSKDVH VSDFHVRI WKHHOHFWURQVDQG WKHGLVWULEXWLRQRIWKHD[LDO
HOHFWULF ILHOGDW   /W W  IRUWKUHHWDUJHWWKLFNQHVVHVDVZHOODV WKHFRUUHVSRQGLQJHYROXWLRQ
RI WKHD[LDOHOHFWULFILHOG   2QHFDQVHH IURPWKHWRSDQGERWWRPURZVRIWKHSDQHOV WKDWDW
  /W W  WKH KRW HOHFWURQV KDYH DOUHDG\ UHIOX[HG VHYHUDO WLPHV LQ WKH  PP  WDUJHW MXVW
FRPSOHWHG WKHLU ILUVW UHIOX[LQJ LQ WKH  PP  WDUJHW DQG DUH MXVW EHLQJ UHIOHFWHG E\ WKH UHDU
VKHDWKILHOGLQWKH  PP )LJVGIVKRZVWKDWWKHPD[LPXPVKHDWKHOHFWULFILHOGDWWKLV
WLPH IRU WKH  PP  WDUJHW LV  DQG  WLPHV WKDW IRU WKH  PP  DQG  PP  WDUJHWV
UHVSHFWLYHO\)LJVJLIRUWKHWHPSRUDOHYROXWLRQRIWKHD[LDOVKHDWKHOHFWULFILHOGVKRZV
WKDWWKHUHDUVKHDWKILHOGRI WKHWKLQQHVWWDUJHWLVPXFKPRUHKRPRJHQHRXVDQG ORQJ ODVWLQJ
$FFRUGLQJO\DWKLQWDUJHWFDQSURGXFH7+]UDGLDWLRQZLWKORQJHUGXUDWLRQDQGKLJKHUHQHUJ\
,Q FRQWUDVW IRU WKH WZR WKLFNHU WDUJHWV WKH VKHDWK ILHOG FRQWDLQV ODUJH JDSV DQG JUDGLHQWV
DVVRFLDWHGZLWKWKHGLVWLQFWUHIOHFWLRQHYHQWVVLQFHWKHKRWHOHFWURQVWDNHPRUHWLPHWRWUDYHUVH
WKHWDUJHW7KHGLVWRUWLRQLQWKHWHPSRUDOSURILOHRIWKH7+]UDGLDWLRQDQGWKHFRPSOH[VSHFWUDO
GLVWULEXWLRQ IRU WKH WKLFN WDUJHW FDVHV VKRZQ LQ )LJ  PD\ EH DWWULEXWHG WR WKH LUUHJXODU
EHKDYLRURIWKHVKHDWKHOHFWULFILHOG

7KH UHIOX[LQJ HQKDQFHPHQW HIIHFW HQGV ZLWK WKH ODVHU SXOVH ZKLOH WKH UDGLDWLRQ LV H[FLWHG
GXULQJWKHORQJWLPHVKHDWKHYROXWLRQ)RUVLPSOLFLW\ZHPRGHOWKHHOHFWURVWDWLFVKHDWKIRUPHG
DW WKH WDUJHW UHDU VXUIDFH DV DQ DFFHOHUDWLQJ GLSROH >@ WKH UDGLDWHG SRZHU FDQ WKHQ EH
H[SUHVVHGDV>@
 ?
 
  
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                          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
ZKHUHH LV WKHHOHFWURQFKDUJHș LV WKHDQJOHEHWZHHQWKHWDUJHWQRUPDODQGWKHGHWHFWRU Y 
DQG Y  DUH WKH HOHFWURQ YHORFLW\ DQG DFFHOHUDWLRQGHFHOHUDWLRQ QRUPDO WR WKH WDUJHW VXUIDFH
UHVSHFWLYHO\ 7KH DFFHOHUDWLRQ LV GLUHFWO\ SURSRUWLRQDO WR WKH HOHFWURVWDWLF VKHDWK ILHOG V( 
ZKLFKVFDOHVDV  V H H( Q7v 7KHZLGWKRI WKHVKHDWK VKRXOGEHRI WKHRUGHURI WKH'HE\H
OHQJWK   ' H H7 H QO S VRWKDWWKHWRWDOUDGLDWHGSRZHUSURSRUWLRQDOWRWKHVTXDUHRIWKH
QXPEHU RI HOHFWURQV LQ WKH VKHDWK H H '1 Q Ov  LQFUHDVHV DV  U1   7KDW LV LW EHFRPHV
ODUJHUDVWKHWDUJHWWKLFNQHVVLVUHGXFHG 

,QWKHLUUHIOX[LQJWKHKRWHOHFWURQVVXIIHUHQHUJ\ORVVIURPFROOLVLRQVZLWKWKHWDUJHWSDUWLFOHV
>@ 7KH VKHDWK OLIHWLPH IRU GLIIHUHQW WDUJHW WKLFNQHVVHV FDQ EH FDOFXODWHG IURP WKH
VWRSSLQJSRZHU GDWD IURP WKH 1,67 GDWDEDVH >@ ZKLFK LV URXJKO\ VFDOH DV

VKHDWK  U' 1W v v  $VVKRZQLQ)LJWKHVKHDWKOLIHWLPHVKRZQDVWKHEOXHGDVKHGFXUYH
LV FRQVLVWHQW ZLWK RXU H[SHULPHQWDO UHVXOWV ,W LV IRXQG WKDW LQ D WKLFN WDUJHW DQ HOHFWURQ FDQ
ORVH LWV HQHUJ\ UDSLGO\ )RU WKH SDUDPHWHUV RI RXU H[SHULPHQWV WKH SRQGHURPRWLYH IRUFH LV
PDLQO\UHVSRQVLEOHIRUWKHKRWHOHFWURQJHQHUDWLRQDQGDFFHOHUDWLRQ$FFRUGLQJO\WKHHOHFWURQ
WHPSHUDWXUHVHVWLPDWHGIURPWKHSRQGHURPRWLYHHQHUJ\VFDOLQJ>@DUHDQG
0H9UHVSHFWLYHO\IRUWKHODVHUHQHUJLHVDQGP-7KHFRUUHVSRQGLQJ
7+] UDGLDWLRQ HQHUJ\ VKHDWK3W  URXJKO\ SURSRUWLRQDO WR  U1   DFFRUGLQJ WR WKH DERYH
DQDO\VLV DUH VKRZQ LQ )LJ  E\ WKH VROLG FXUYHV :H VHH WKDW WKH ILW ZLWK WKH H[SHULPHQWDO
UHVXOWV LVTXLWHJRRG0RUHRYHUWKHUDGLDWLRQHQHUJ\LQFUHDVHVUDSLGO\DVWKHWDUJHWWKLFNQHVV
GHFUHDVHV WR EHORZ a  a  PK /' Y W P  ZKHUH WKH KRWHOHFWURQ UHIOX[LQJ WLPH EHFRPHV
VKRUWHUWKDQWKHODVHUGXUDWLRQVRWKDWWKHUHIOX[LQJHOHFWURQVFDQEHPXOWLSO\DFFHOHUDWHGE\
WKHODVHU


+LJK ODVHU FRQWUDVW LV FUXFLDO IRU HIILFLHQW JHQHUDWLRQ RI WKH 7+] UDGLDWLRQ DV LW SUHYHQWV
IRUPDWLRQ RQ WKH IURQW VXUIDFH DQ H[SDQGLQJ SUHSODVPD 7KH ODWWHU LQFUHDVHV WKH HIIHFWLYH
WDUJHW WKLFNQHVV WKHUHE\ KDPSHUV WKH IRUPDWLRQ RI DQ LQWHQVH VKHDWK DW WKH EDFN RI DQ
RULJLQDOO\ WKLQ WDUJHW >@ 7KH EODFN FURVVHV LQ )LJ  DUH IURP DQ H[SHULPHQW ZKHUH DQ
DUWLILFLDOSUHSXOVHRIFRQWUDVW LVDGGHGDWSVSULRU WRWKH PDLQSXOVH :HVHH WKDWQR
 ?
HQKDQFHPHQW RI WKH 7+] HQHUJ\ RFFXUV ZKHQ WKH WDUJHW WKLFNQHVV LV GHFUHDVHG IURP  WR
 PP ,QIDFWWKHSHDN7+]HQHUJ\IURPWKH  PP  WDUJHWDQG P-/(   ODVHUUHPDLQV
EHORZ  -P  DOPRVW LGHQWLFDO WR WKDW IURP WKH WKLFNHU WDUJHWV DQG PXFK ORZHU WKDQ DOO WKH
KLJKFRQWUDVWODVHUFDVHV7KLVUHVXOWFOHDUO\GHPRQVWUDWHVWKHDGYHUVHHIIHFWRIDSUHSODVPDRQ
WKHJHQHUDWLRQRI7+]UDGLDWLRQRXUVFKHPH)LQDOO\ZHDOVRIRXQGWKDWDPLVDOLJQPHQWRIWKH
WDUJHW E\  PP  RII WKH ODVHU IRFXV UHVXOWV LQ D KXJH GURS RI WKH ODVHUWR7+] UDGLDWLRQ
FRQYHUVLRQHIILFLHQF\WRRQO\׽LQGLUHFWO\VXSSRUWLQJWKHUHODWLRQVKLSDPRQJWKHGHQVLW\
DQGWHPSHUDWXUHRIWKHKRWHOHFWURQVDQGWKHODVHULQWHQVLW\DVVXPHGLQWKHPRGHO 

,QVXPPDU\KLJKO\HIILFLHQWJHQHUDWLRQRI7+]UDGLDWLRQIURPODVHULQWHUDFWLRQZLWKWKLQVROLG
WDUJHWKDVEHHQGHPRQVWUDWHGH[SHULPHQWDOO\)URPKLJKFRQWUDVWP-ODVHULQWHUDFWLRQZLWK
 PP  WKLFN &X WDUJHW 7+] UDGLDWLRQ ZLWK ׽ P- SXOVH HQHUJ\ LV REWDLQHG ZLWK
ODVHUWR7+]UDGLDWLRQFRQYHUVLRQHIILFLHQF\RIXSWRZKLFKLVWHQWLPHVKLJKHUWKDQWKH
SUHYLRXV VWXGLHV ZLWK ODVHUVROLG LQWHUDFWLRQ DQG a WLPHV KLJKHU WKDQ WKH ODVHUGULYHQ
ODUJHVL]H RUJDQLF FU\VWDO VRXUFHV >@ ,W LV VKRZQ WKDW WKH WHPSRUDO G\QDPLFV RI WKH KRW
HOHFWURQVFDQDIIHFWWKHVKHDWKHOHFWURQGHQVLW\UHVXOWLQJLQLQFUHDVHLQWKHDFFHOHUDWLQJVKHDWK
HOHFWULF ILHOGDQGWKHUHIRUHHQKDQFHPHQWRI WKH7+]HQHUJ\ZLWKGHFUHDVLQJWDUJHWWKLFNQHVV
:LWK WKH UHFHQW UDSLG SURJUHVV LQ WDUJHW IDEULFDWLRQ DQG KLJKFRQWUDVW ODVHU WHFKQRORJ\ WKH
7+]UDGLDWLRQHQHUJ\FDQEHIXUWKHUHQKDQFHGIRUH[DPSOHE\XVLQJQDQRPHWHUWKLFNWDUJHWV
6LQFH WKH 7+] UDGLDWLRQ RULJLQDWHV IURP HOHFWURQ GHFHOHUDWLRQDFFHOHUDWLRQ E\ WKH LQWHQVH
VKHDWK ILHOG LW KDV JRRG UDGLDO SRODUL]DWLRQ DQG V\PPHWULF GLVWULEXWLRQ )RFXVLQJ RI VXFK D
7+]EHDPVKRXOGUHVXOWLQDPXOWL*9PORQJLWXGLQDOHOHFWULFILHOG:LWKIXUWKHUFKDOOHQJHWR
FRQWURO WKH ILHOG SKDVH DQG ZDYHIRUP VXFK D 7+] VRXUFH FDQ EH XVHIXO IRU WDEOHWRS
7+]GULYHQDFFHOHUDWLRQUHVHDUFK>@DQGRWKHULQWHQVH7+]DSSOLFDWLRQV>@7KHPHDVXUHG
7+]SRZHUDQGWHPSRUDOZDYHIRUPPD\DOVRSURYLGHDQDOWHUQDWLYHGLDJQRVWLFRIWKHSODVPD
VKHDWKGXULQJWKHORQJWLPHHYROXWLRQ

7KLVZRUNLVVXSSRUWHGE\WKH3KRWRQ)URQWLHU1HWZRUNRIWKH0LQLVWU\RI(GXFDWLRQ&XOWXUH
6SRUWV6FLHQFHDQG7HFKQRORJ\RI-DSDQ+%=DQG0<<ZRXOGOLNHWRDFNQRZOHGJHWKH
VXSSRUW RI WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD  
DQGDVZHOODVWKH2SHQ)XQGRIWKH6WDWH.H\/DERUDWRU\
RI +LJK )LHOG /DVHU 3K\VLFV 6,20 +%= DQG =06 ZRXOG OLNH WR DFNQRZOHGJH WKH
VXSSRUW RI WKH 1DWLRQDO %DVLF 5HVHDUFK 3URJUDP RI &KLQD &%$ DQG
 ?
&% = - ZRXOG OLNH WR WKDQN - : :DQJDQG 6 0 :HQJ IRU IUXLWIXO
GLVFXVVLRQVDQG<.LPXUDIRUWDUJHWIDEULFDWLRQ
 ȗ(OHFWURQLFDGGUHVVMLQ]#SSFRVDNDXDFMS
(OHFWURQLFDGGUHVVǤ ?Ǥ 
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ȏ ? ?Ȑ++LURUL.6KLQRNLWD06KLUDL67DQL<.DGR\DDQG.7DQDND1DWXUH
&RPPXQLFDWLRQV-/LX-'DL6/&KLQDQG;&=KDQJ1DWXUH
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
),*  &RORURQOLQH D ([SHULPHQWDO VHWXS7KH 7+] UDGLDWLRQ HPLWWHG IURP WKH
WDUJHW UHDU LVFROOHFWHGDQGVHQW WRDFDOLEUDWHG7+]HQHUJ\ PHWHURU WRD VLQJOHVKRW
7'6 V\VWHP ZLWK D GXDO UHIOHFWLYH HFKHORQ SDLU 7KH EHDPOHWV SURGXFHG E\ WKH
HFKHORQ SDLU DUULYH DW WKH =Q7H DW GLIIHUHQW WLPH GHOD\V WR WKH 7+] SXOVH 9LD WKH
HOHFWURRSWLF HIIHFW LQGXFHG E\ WKH 7+] HOHFWULF ILHOG WKH WHPSRUDO HYROXWLRQ RI WKH
7+] ILHOG LV HQFRGHG ZLWK UHVSHFW WR WKH LQWHQVLW\ RI HDFK EHDPOHW E 7\SLFDO
PRGXODWHG LQWHQVLW\ RI WKH   î  EHDPOHWV REWDLQHG E\ FRPSDULQJ WKH
GLIIHUHQFHEHWZHHQLPDJHVRQ&&'ZLWKDQGZLWKRXWWKH7+]SXOVHF,PDJHRIWKH
SODVPD H[SDQVLRQ DW  SV DIWHU WKH DUULYDO RI WKH PDLQ ODVHU EHDP DW WKH WDUJHW
PRQLWRUHGXVLQJDSXPSSUREHVKDGRZJUDSKV\VWHP 
 
 ? ?

),*  FRORU RQOLQH 7+] UDGLDWHG HQHUJ\ YHUVXV WDUJHW WKLFNQHVV IRU GLIIHUHQW
HOHFWURQWHPSHUDWXUHV7KHVROLGFXUYHVDUHIURPWKHWKHRUHWLFDOPRGHO
 
 ? ?

),*&RORURQOLQH$QJXODUGLVWULEXWLRQRI7+]HQHUJ\PHDVXUHGE\FKDQJLQJWKH
SRVLWLRQ RI WKH 7+] OHQV LQVLGH WKH FKDPEHU 7KH EODFN FXUYHG DUH IRU WKH EHVWILW
GLSROHHPLVVLRQSDWWHUQ
 
 ? ?

),*  &RORU RQOLQH ([SHULPHQWDO GHWHFWHG 7+] WLPH GRPDLQ HOHFWULF ILHOG
ZDYHIRUPV DG DQG FRUUHVSRQGLQJ VSHFWUXP HK IURP &X WDUJHWV ZLWK GLIIHUHQW
WKLFNQHVV7KHODVHUHQHUJLHVXVHGKHUHLVIL[HGDVP-7KHEOXHGDVKHGOLQHJLYHV
WKHFDOFXODWHGVKHDWKOLIHWLPHa1U
 
 ? ?

),*  &RORU RQOLQH ' 3,& VLPXODWLRQ UHVXOWV DF (OHFWURQ PRPHQWXP SKDVH
VSDFH S] í ] DQG GI VKHDWK HOHFWULF ILHOG (] DORQJ WKH WDUJHW FHQWHU IRU WKUHH
WKLFNQHVVWDUJHWVDWW ODVHUSHULRGVJL7LPHHYROXWLRQRIWKHVKHDWKHOHFWULFILHOG
(]IRUWKUHHWKLFNQHVVWDUJHWV

